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ABSTRACT
A new method is reported for creating chemically-patterned, aluminum surfaces using standard photolithographic
practices to create micro-scale channels on the surface. Subsequent modification of the surface is performed using
poly(dimethysiloxane) vinyl terminated (PDMSVT). Water droplet behavior on these surfaces is measured to study
the effect of the anisotropic, micro-scale channels on the overall surface wettability and critical droplet size.
Experimental data show that these functionalized surfaces exhibit decreased contact angle hysteresis, and for
droplets placed on the surface using a micro-syringe, more than a 50% reduction in the volume needed for the onset
of droplet sliding is observed. For injected droplets, the required air-flow rate for the onset of water droplet drainage
is also decreased. Additionally, the required air-flow rate for movement across the channels is 1.0-1.2 m/s larger
than the air-flow rate for movement along the channels and only slightly lower than the baseline case thereby
mitigating the potential for condensate “blow-off” in application. These results which show the promise of these
functionalized surfaces for improved condensate management may be used to guide future fin surface design in heat
exchangers.

1. INTRODUCTION
Heat exchangers are important to the overall efficiency, cost, and compactness of heating, ventilation, airconditioning and refrigeration (HVAC&R) systems. According to a 2007 Department of Energy study, the heating,
cooling, and lighting of residential and commercial buildings accounts for almost 16% of the United States’ total
energy consumption, and Ohio ranks sixth among states in its overall energy consumption—having consumed more
than 4,000 trillion BTUs of total energy in 2004. Current fin-and-tube and plate heat exchanger designs rely on
copper and aluminum which are naturally hydrophilic. In a broad range of air-cooling applications, water retention
on the heat transfer surface is problematic, because it can decrease the energy-efficiency of heat exchangers by
reducing the over-all heat transfer coefficient and provide a site for biological activities. In refrigeration systems, the
accumulation of frost on the heat exchanger requires periodic defrosting which carries an accompanying energy
expenditure. Thus the drainage of water from condensation is very important to the overall performance of heat
transfer systems.
Extensive research has been reported on using topography and chemistry to alter surface wettability in other
applications, there has not yet been a comprehensive study on the use of these techniques in conventional HVAC&R
systems where the energy impact could potentially be quite large. Shibuichi, et al. (1998)and Qian and Shen (2005)
describe wet chemistry techniques for producing hydrophobic aluminum surfaces. These methods produce many
cracks and small rectangular pits in the surface which could be problematic in applications where thermal cycling is
necessary. Subsequently, these methods also require treatment of the surface via fluoroalkysilanes and do not lend
themselves to detailed surface patterning. Guo, et al. (2006) obtained super-hydrophobic aluminum alloy 2024
surfaces using wet chemical etching followed by modification of the surface with a cross-linked silicone elastomer,
perfluorononane (C9F20), or perfluoropolyether (PFPE). Water contact angles exceeding 150 were achieved, and
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Guo, et al. concluded that the effects of surface roughness resulted from the etching time, and the concentration of
NaOH aqueous solution plays a very important role in the fabrication of a super-hydrophobic surface. Although the
technical literature is replete with articles describing surface modification techniques for silicon, few papers were
found which specifically address the fabrication of hydrophobic aluminum surfaces, and these papers did not
address issues related to patterned wettability and long-term performance after fouling. Bayiati, et al. (2004) focused
on the selective deposition of fluorocarbon (FC) films on metal surfaces, specifically aluminum, in an effort to
control surface wettability. In this study, C4F8, CHF3, and CHF3/CH4 fluorocarbon gases were selected and plasma
parameters were varied to achieve optimal deposition selectivity. Hydrophobic surface properties were achieved.
The maximum achievable water contact angle using this method was 118 , and water droplets deposited on the
modified Al surfaces for long times were observed to penetrate the film. Ji, et al. (2002) deposited hydrophobic
multilayer CFx coatings on aluminum using benign Ar/C2H2/C3F8 chemistry in a sputtering/plasma-enhanced
chemical vapor deposition system. The degree of hydrophobicity was observed to depend both on the fluorine
content of the coating and the surface morphology. Because of problems with adhesion on aluminum, a chromium
intermediate layer had to be deposited onto the Al substrate first before the CFx coating could be deposited. Somlo
and Gupta (2001) prepared a weakly hydrophobic 6061 aluminum alloy surface through a dipping process involving
dimethyl-n-octadecilcholorosilane (DMOCS) and studied the tensile strength of the ice/DMOCS interface. No
contact angle information was provided, and the adherence and longevity of the DMOCS coating to the aluminum
surface was not quantified.
Although chemical modification is a common method for manipulating surface wettability, the usual approach in the
literature is to uniformly modify the surface by homogeneous etching and/or chemical treatment. In HVAC&R
applications, controlling the direction of condensate movement on the surface is as important as the physical
removal of those droplets. Homogeneously modified surfaces would permit (even facilitate) condensate blow-off
into the occupied space which is undesirable. Therefore, a surface with an anisotropic, patterned wettability is
preferred since droplet motion can be restricted to one direction—downward with gravity. Sommers and Jacobi
(2006) demonstrated that functionalized aluminum surfaces with an anisotropic, micro-scale topography can be used
to both manipulate the critical droplet size and affect the overall surface wettability. Such surfaces have also been
shown to retain less water than conventional aluminum heat transfer surfaces. However, these improvements
necessitated the use of a novel, anisotropic dry-etching technique to chemically erode the surface using a chlorinebased plasma. The cost associated with fabricating these surfaces is currently quite high. Therefore, the future
success and implementation of this design will likely require new, innovative methods of manufacturing anisotropic
fins. The objective of this research was to investigate alternative ways of inexpensively manufacturing such surfaces
and to evaluate the behavior and retention of water droplets on an aluminum surface that had been functionalized
using micro-channels and PDMS to alter the surface wettability. Because the condensation and draining of water on
heat transfer surfaces in air-cooling applications can affect the thermal-hydraulic performance, new competing
technologies are needed for the design of future high performance, energy-efficient heat exchangers.

2. EXPERIMENTAL METHOD
2.1 Materials and Sample Preparation
Our research builds upon a technique developed by Guo, et al. (2006) who increased the water contact angle from
about 67 to more than 160 by immersing an aluminum surface in sodium hydroxide for several hours and then spin
coating a layer of poly(dimethysiloxane) vinyl terminated (PDMSVT) . This observed change in the water droplet
contact angle was explained using Cassie’s model of wetting (1944). In this research, aluminum plates (2.5 by 2.5
inches in size) were constructed from Al alloy 1100. The plates were first cleaned with acetone for 15 minutes in an
ultrasonic bath and then dried using a stream of nitrogen gas. Next, the plates were pre-roughened by immersing in 4
wt% NaOH aqueous solution for 2 hours to increase the initial surface roughness. Following this process, uniformly
distributed surface protrusions, were observed on the substrate.
Standard photolithographic practices were then used to prepare the plates for wet etching and chemical treatment.
First, the photoresist (i.e. S1813) was spin-coated onto the aluminum surface. The thickness of the photoresist
(S1813) layer was 1.8μm. Following this process, the aluminum plate was soft baked to prevent mask sticking, and a
Myriad System 2001 Mask Aligner was used to align the photomask over the aluminum substrate and expose the
photoresist to UV light. The photomask shown in Fig. 1 contained different size parallel micro-grooves (15μm,
50μm, 100μm). Table 1 shows the relevant photolithography parameters. Afterwards, the surfaces were etched using
Transene Aluminum Etchant Type A (an acid solution consisting of 80 wt% phosphoric acid, 5% nitric acid, 5%
acetic acid, and 10% distilled water) at 50 C with an etching rate of approximately 660 nm/sec. The photoresist was
International Refrigeration and Air Conditioning Conference at Purdue, July 12-15, 2010
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Table 1: Standard photolithographic process performed on Al plates
Photoresist
S1813

Spinning
40 sec @
2000 rpm

Soft Bake
110ºC
1 min

Exposure

Developer

3 sec

CD-16 (40s)

Post Bake
125ºC
2 min

1
2
3
4
5
Figure 1: Photomask containing five distinct regions: (1) 15 μm wide parallel stripes, (2) 50 μm wide parallel stripes,
(3) 100 μm wide parallel stripes, (4) vertical wettability gradient, and (5) wettability gradient at a 45 angle

Figure 2: SEM images of Al surfaces after etching with Transene Aluminum Etchant Type A for 30 minutes

Figure 3: Chemical structure of poly(dimethysiloxane) vinyl terminated (PDMSVT)
then stripped in acetone and the plates were rinsed in DI water for 3 minutes and characterized using a surface
profilometer. The measured depth of the channels after etching for 25 and 30 minutes were 6.8μm and 10μm,
respectively (see Fig. 2). Further surface modification was performed using poly(dimethysiloxane) vinyl terminated
(PDMSVT) purchased from Sigma–Aldrich, USA (shown in Fig. 3) in combination with 1 wt% 184 curing agent
obtained from Dow Corning Company. The modified films were obtained by spin-coating at a speed of 3000 rpm
for 30 seconds and then curing on a hot plate for 20 minutes.
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2.2 Contact Angle Measurements
Information about the advancing and receding contact angles of water droplets injected onto these fabricated
surfaces was obtained using a Ramé-Hart precision contact angle goniometer (see Fig. 4) and compared among the
surfaces. The advancing contact angle is measured by adding water to the droplet dynamically without increasing
the interfacial area between the liquid and solid phases until the maximum volume is achieved. The resulting contact
angle is referred to as the advancing angle. Volume is then removed from the drop. When the maximum volume that
can be removed without reducing the solid/liquid interface is reached, the resulting contact angle is measured. This
angle is referred to as the receding angle. When the receding angle is subtracted from the advancing angle, the result
is called the contact angle hysteresis. The hysteresis which characterizes the surface wettability can help quantify
contamination, surface chemical heterogeneity, and the effect of surface treatments. Surfaces with lower contact
hysteresis generally retain less water than those with high contact angle hysteresis. The maximum uncertainty in the
measured contact angle was less than 1 .

2.3 Critical Inclination Angle Measurements
The critical inclination angle for sliding on different surfaces was measured using a tilt-table assembly with an
extendable lever arm that permitted continuous inclination of the surface from horizontal. After a droplet was
injected on the test sample in the horizontal position using a micro-syringe, the plate was then slowly tilted until
imminent droplet motion was detected (see Fig. 5). A KAPPA DX 10-1394a high-resolution CCD camera was used
to record profile images of the droplets from a location parallel to the base. Prior to droplet injection, test images
were recorded for calibration purposes. Multiple measurements were recorded for each droplet volume which
permitted the critical inclination angle and related droplet diameter to be checked for consistency. The uncertainty in
the measured critical inclination angle ranged from 2 - 10 with the maximum uncertainty occurring at small
droplet volumes The typical uncertainty of these measurements was 2 - 3

2.4 Air-Flow Induced Droplet Movement
In HVAC&R applications with simultaneous heat and mass transfer, air flow across a fin surface containing
condensed water is common. As shown in Figure 6, experiments in a wind tunnel test section were conducted to
measure the air-flow force required to overcome the surface tension retaining force and cause water droplet motion.
(i.e. the incipience of “droplet blow-off”). For these experiments, the aluminum test sample was fixed inside the
wind tunnel parallel to the direction of the airstream. A water droplet of known volume was then injected onto the
sample by micro-syringe, and the blower was activated. If droplet motion was not immediately observed, the fan
was turned “off”, a new droplet was placed on the sample, and the fan speed was incrementally increased using a
PID controller. When droplet motion was first detected, the air velocity was measured using a hot-bulb anemometer
to determine the “critical air-flow rate” for droplet motion for a given size on the testing surface. For the flow rates
examined in these experiments, the local velocity at the droplet half height was taken as equal to the measured
mainstream velocity since the boundary layer is thin. (According to the Blasius velocity profile, the local velocity at
the droplet half height is within 99.9% of the mainstream velocity for the location on the surface where the droplet
was placed.) Because a new droplet was placed on the surface prior to each performed test and uniform flow
conditions are achieved soon after the activation of the fan, losses due to evaporation were assumed to be minimal.

Figure 4: Ramé-Hart precision
contact angle goniometer

Figure 5: A droplet sliding
on a titled surface

Figure 6: Wind tunnel test section
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3. RESULTS AND DISCUSSION
3.1 Contact Angle Data
For the baseline surface, the measured advancing contact angle was 107.1 and the receding contact angle was 75.2 .
Contact angle hysteresis which is the absolute difference between the advancing and receding contact angles is often
used as a gauge of hydrophobicity (Öner and McCarthy, 2000; Chen et al., 1999; Jopp et al., 2004; Fürstner et al.,
2005; Dussan and Chow, 1983). As seen in Table 2, the hysteresis of the baseline Al surface only reduced slightly
from 31.9 to 29.3 after applying the PDMS coating to the surface. This observation suggests that uniform
modification of the surface by homogeneous chemical treatment does not necessarily alter the surface’s overall
wettability. By creating micro-channels on the surface, the contact angle hysteresis for Sample 1 (channel depth =
10 m) increased to 66.0 , 70.5 and 76.1 for the 15μm, 50μm and 100μm wide channels, respectively. The
addition of the micro-channels made the surface more hydrophilic (see Table 3). This observation is supported by
Wenzel’s model of wetting which predicts that on a naturally hydrophilic substrate, introduced surface roughness
makes the substrate more hydrophilic. Therefore, the treatment of the surface with a chemical coating (i.e. PDMS)
was necessary. After the surface with channels was spin-coated with PDMS, the surface was found to be
hydrophobic with a significantly reduced hysteresis up to approximately 50 % (see Table 4). Another surface
(Sample 2 with channel depth of 6.8μm) was also prepared and modified with micro-channels and chemical coating
to study the effect of the anisotropy on the water droplet contact angle (see Table 5). These data suggest that deeper,
narrower channels affect more change in surface wettability than shallower, wider channels.

3.2 Critical Inclination Angle Data
The so-called critical droplet refers to a droplet large enough that the surface tension retaining force is equal to the
gravitational drainage force and therefore occurs at the point of incipient motion. Critical inclination angle data have
been measured for the baseline surface and for the 50 μm wide channels on sample 1 and sample 2. Droplet volumes
between 5 μL and 80 μL were considered and injected on the test surface using a micro-syringe. Ordinarily, the
critical inclination angle scales directly with the contact angle hysteresis. Therefore, because both sample 1 and
sample 2 exhibit smaller contact angle hysteresis than the baseline surface, large critical inclination angles for
sliding were expected on the baseline surface. Also, one might expect that sample 1 would have larger critical
inclination angles than sample 2. Fig. 7 shows representative critical inclination angle data for droplets of various
sizes on these surfaces. In this figure, the baseline surface (shown in black) exhibits much higher critical inclination
Table 2: Contact angle data for baseline and baseline + PDMS
Advancing Angle Receding Angle
Hysteresis
Baseline surface
107.1
75.2
31.9
Baseline + PDMS Coating
119.4
90.0
29.3
Table 3: Contact angle data for Sample 1 (with no coating and micro-channels 10μm deep)
Advancing Angle
Receding Angle
Hysteresis
15μm
98.1
32.1
66.0
50μm
102.2
31.7
70.5
100μm
105.7
29.6
76.1
Table 4: Contact angle data for Sample 1 (with PDMS and micro-channels 10μm deep)
Advancing Angle
Receding Angle
Hysteresis
15μm
114.9
94.3
20.7
50μm
116.4
90.4
26.0
100μm
117.3
87.2
30.1
Table 5: Contact angle data for Sample 2 (with PDMS and micro-channels 6.8μm deep)
Advancing Angle
Receding Angle
Hysteresis
15μm
122.1
83.7
38.4
50μm
122.3
88.0
34.3
100μm
119.8
91.1
28.8
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angles for sliding for a droplet of a given volume than the wet-etched anisotropic surfaces. With respect to sample 2
(shown in blue), the reduction in the critical inclination angle was observed to be more pronounced for larger droplet
volumes, which is consistent with more of the droplet base experiencing the effect of the “micro-channels.” In other
words, for small water droplets and therefore small wetted areas, the anisotropic surface effect is less pronounced.
The difference in the measured critical inclination angles between sample 1 and sample 2 also suggests that sample
1 is more hydrophobic than sample 2 which agrees well with the results from the contact angle measurements. In
addition, it was observed that larger critical angles of inclination were manifested by sample 1 in the perpendicular
configuration as compared to the parallel configuration. For identical size droplets, the critical inclination angle was
at least 5 larger for sample 1 in the perpendicular orientation. This shows that the channels inhibit droplet
movement across the grooves while at the same time facilitating droplet movement along the channels (see Fig. 8).
These data were also compared to the predicted critical droplet volume given by Dussan (1985). Using the
advancing contact angle, receding contact angle, and droplet volume as inputs, the Dussan equation was utilized to
predict the critical inclination angle for sliding on the baseline surface (Fig. 9a), sample 1 (Fig. 9b) and sample 2
(Fig. 9c). These data generally agreed well with the model predictions of the Dussan equation. In this analytical
work, Dussan (1985) studied static droplet shapes at the critical condition on inclined surfaces where the droplet
contact line possessed straight-line segments on the sides. In this view, the droplet was assumed to be elongated and
parallel-sided. The most limiting restriction of this analysis is its assumption of small contact angle hysteresis.
Therefore, the model may need to be modified before it can be applied to certain heterogeneous surfaces.

Figure 7: Critical inclination angle data for droplets on
the baseline surface, sample 1, and sample 2

(a)

(b)

Figure 8: Critical inclination angle data on sample 1 for
droplets moving to the channels and  to the channels

(c)

Figure 9: Experimental data for the (a) baseline surface, (b) sample 1, and (c) sample 2 compared with the predicted
critical inclination angle using the Dussan equation (1985)
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3.3 Wind Tunnel Test Data
The tests in the wind tunnel were performed on the baseline surface, sample 1 (hydrophobic surface) and sample 3
(hydrophilic surface) as shown in Table 6. Samples 1 and 3 were both prepared by etching micro-channels into the
surface. Additionally, sample 1 included a PDMS surface coating while sample 3 was without such coating. Data of
the critical air-flow rate were then measured for different droplet sizes and plotted for the various surfaces as shown
in Fig. 10. The first plot (Fig. 10a) shows that the hydrophilic surface (sample 3) required larger air-flow rates to
cause droplet motion than the baseline surface for droplet volumes between 5 and 25 L. (i.e. The drag force
required to move the droplet along the surface in the direction of the air flow is higher on sample 3 than on the
baseline surface.) In other words, droplets of comparable size are less likely to be “blown off” the back side of a heat
exchanger constructed using the hydrophilic aluminum as compared to the baseline case.
If the surface is processed with micro-channels and PDMS coating, as shown before, the surface is now hydrophobic
(i.e. smaller contact angle hysteresis and smaller critical inclination angle). Fig. 10b shows that the surface with the
micro-channels and PDMS coating reduces the critical air-flow force as compared to the baseline surface. Thus, a
larger range of droplet sizes may be removed and droplets condensed on the surface may be removed while they are
still relatively small. Thus, large droplets which tend to increase the core pressure drop are less likely to be retained
on the surface. The surface micro-structure was also observed to inhibit droplet movement across the grooves while
at the same time facilitating movement along the grooves since the critical air-flow rates parallel to the channels
were smaller than for droplet movement perpendicular to the channels. More specifically, the required air-flow rate
for movement across the channels was 1.0-1.2 m/s larger than the air-flow rate for movement along the channels and
only slightly lower than the baseline case. Depending on the application, either the hydrophilic surface (which
would minimize condensate “blow-off”) or the hydrophobic surface (which would help reduce the core pressure
drop by facilitating condensate drainage downwards with gravity) may be more desired. In both cases, the microchannels provide a preferential direction and path for the water to drain.

Sample
Baseline Surface
Sample 1
Sample 2
Sample 3

(a)

Table 6: Matrix of Test Samples
Channels (Channel Depth)
Coating
Hysteresis
N
n/a
31.92
Y (10μm)
PDMS
25.99
Y (6.8μm)
PDMS
34.33
Y (12μm)
n/a
76.10

Overall Wettability
Hydrophilic
Hydrophobic
Hydrophobic
Hydrophilic

(b)

Fig. 10: Critical air-flow rates required for droplet motion on: (a) the baseline surface and sample 3, and
(b) the baseline surface and sample 1 in both the parallel and perpendicular configurations
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4. CONCLUSIONS
A method for creating micro-grooved aluminum surfaces using standard photolithographic practices and wet
chemical etching has been presented. Along with poly (dimethysiloxane) vinyl terminated (PDMSVT) as a chemical
coating, the effects of these micro-grooves on surface wetting and droplet retention have been quantified. The
contact angle hysteresis for water droplets injected onto these modified surfaces by micro-syringe was found to
decrease by as much as 30% for Sample 1 which had an etch depth of 10 μm, and lower overall critical angles of
inclination were required for droplets to begin sliding on these surfaces. For condensed droplets, similar results were
also found. Air-flow induced droplet movement was also studied on these surfaces which showed an enhancement in
water drainage as compared to the baseline surface. Moreover, the air flow rate required for droplet movement
across the channels was found to be larger than for droplet movement along the channels thus mitigating the
potential for condensate “blow-off” in application. The techniques presented in this paper have broad applicability
for metals other than aluminum, and their accompanying effect on surface wettability is of special relevance in aircooling applications.
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